A fast, inexpensive, and ecological method based on liquid-liquid extraction principle has been developed for preparation of extract with high content of Nigella sativa (N. sativa) quinones. The gas chromatography-mass spectrometry (GC-MS) analysis showed that oil extraction using 70% ethanol for 6 h yielded extract containing 50% of thymoquinone (TQ) and 13% of thymohydroquinone (THQ).
Introduction
Since the more environmentally friendly and selective techniques are nowadays preferred for natural products extraction, the development of new designs of green and sustainable methods of separation is currently a hot research topic in the multidisciplinary area of applied chemistry, biology, and technology. The principles of green extraction can be generalized as the discovery and the design of extraction processes, which could reduce the energy consumption, allow the use of alternative solvents and renewable/innovatory plant resources to eliminate petroleum-based solvents and ensure safe and high quality extracts or products. 1 Among them, techniques requiring expensive and highly sophisticated equipment such as supercritical fluid extraction (SFE) and pressurized liquid extraction have recently received attention. 2 However, conventional approaches such as liquid-liquid extraction using non-toxic solvents are remaining widely employed and are considered useful techniques, because they are simple, fast, reasonably selective and do not require expensive equipment. The development of new methods satisfying the conditions of green extraction of natural products using conventional methods is therefore still needed, especially for the processing of natural materials with pharmacological and health beneficial effects such as herbal drugs. 3 Nigella sativa (N. sativa) is an annual plant belonging to the Ranunculaceae family, native to the Mediterranean region and the Middle East, whose seeds have traditionally been used in the Indian subcontinent, Arabian countries, and Europe for culinary and medicinal purposes. 4 They contain between 25 and 40% of crude oil consisting mainly of mono-, di-and triacylglycerols, fatty acids (linoleic, oleic, palmitic, stearic) and sterols. 5 Thymoquinone (TQ), one of the major biological active compounds of the seeds, is present in various amounts in both crude and essential oils. 6 It has shown cardio-, gastro-, hepato-, nephro-and neuroprotective action as well as antiarthritic, antihyperglycemic, anti-inflammatory, antimicrobial, antioxidative, antitumor and immunomodulatory effects in various in vitro and in vivo systems. TQ has also demonstrated very low grade of toxicity. 7 In previous clinical studies, TQ showed antiepileptic action in children and its intracrevicular application has been found to be beneficial in treating chronic periodontitis. 8, 9 The reduced form of TQ, thymohydroquinone (THQ), is also considered as perspective biological active compound with antibacterial, antifungal, anti-inflammatory, antioxidative, and antitumor effects. 10, 11 The inhibitory activity for acetylcholinesterase was also observed in this substance. 12 As it has previously been shown in several experiments, the content of TQ and total chemical composition of N. sativa seed extracts, crude and essential oils are significantly influenced by the isolation method used. Hydrodistillation by Clevenger-type apparatus and simultaneous steam distillation-extraction using Likens and Nickerson's apparatus are traditional, relatively easy and cheap approaches; however, their disadvantages are long extraction time, thermal degradation and a low content of TQ in final product varying from 0.06 to 24.6%. 13 Extraction with organic solvents (e.g. acetone, ether, chloroform, hexane, methanol, petroleum ether) using a Soxhlet extractor often combined with subsequent steam distillation of the extract is another frequently used approach. 14, 15 In our previous study, 16 we used a combination of extraction with hexane in the Soxhlet apparatus followed by re-extraction with methanol for determination of TQ in different plant materials. Advantage of these methods is the higher efficiency, but disadvantages are higher cost and the use of toxic solvents. One of the most efficient methods is supercritical fluid extraction providing extracts with high content of TQ (79-86%). 17 Despite the fact that experiments comparing efficacy of hydrodistillation, steam distillation, steam distillation of the oils obtained by Soxhlet extraction by an organic solvent and extraction by supercritical carbon dioxide confirmed the highest efficacy of the SFE, the significant disadvantages of extraction using supercritical fluid are very high costs for acquisition and operation of extraction equipment. 14 Therefore, we developed a fast and effective liquid-liquid separation method for preparation of extract with enriched content of TQ from the N. sativa oil that does not require expensive equipment, does not use toxic solvents and is timesaving.
Experimental

Oils and chemicals
Three different samples of cold pressed N. sativa oils were obtained from commercial suppliers: A: Saloos naturcosmetic (Breclav, Czech Republic), B: Oleador (Hannover, Germany), and C: Dary zeme (Dobrichov-Pecky, Czech Republic). Ethanol (96% p.a.) was purchased from Lach-ner (Neratovice, Czech Republic). Analytical standards (2,4-diethoxybenzoic acid; 2,4-decadienal; 2-decenal; 3,7-dimethyloctanal; 4-terpineol; dihydrocarvone; hexadecanoic acid; limonene; octadecadienoic acid; octadecenoic acid; p-cymene; sabinene; tetradecane; thymol; TQ; α-pinene; β-pinene; γ-terpinene), n-alkanes series ranging from C9 to C29 and 1-bromdecane were supplied by Sigma-Aldrich (Prague, Czech Republic). The THQ analytical standard was prepared according to the procedure previously described by Tesarova et al. 11 Extraction procedure and conditions
In the first experiment, 1 mL of N. sativa oil was mixed with 1 mL of 30, 40, 50, 60, 70, 80, and 90% solution (v/v) of ethanol and deionized water obtained from an Aqal 29 system (Brno, Czech Republic). The mixture was shaken in 4 mL glass vials (Agilent Technologies, Santa Clara, USA) on a laboratory shaker (IKA Vortex 2, Staufen, Germany) at 2000 rpm, at 21 °C for 24 h. After 12 h of equilibrium, two easily separable layers emerged (oil and hydroalcoholic phases), which were separated by Pasteur pipette. The chemical compositions of both oil and ethanol/water phases were immediately analyzed by gas chromatography-mass spectrometry (GC-MS).
As a second experiment, the hydroalcoholic layers were periodically taken and analyzed after 2, 4, 6, 8, 10, 12 and 24 h with the aim to determine optimum extraction time. The 70% ethanol was used as extraction solvent. In the third experiment, three different oils (A, B and C) were extracted with 70% ethanol for six hours and investigated by GC-MS, with the aim to determine influence of variability of extraction matrices on chemical composition of the extract. The chemical compositions of oil samples were determined by GC-MS prior extraction. All other extraction conditions of experiments 2 and 3 were identical with those of the first experiment. Each experiment was performed in three independent replicates.
GC-MS analysis
Analyses were carried out using a Thermo Scientific Focus GC with DSQ II MS (Thermo Fisher Scientific, Waltham, USA). Separation was achieved on a fused-silica DB-5 column (30 m × 0.25 mm, film thickness 0.25 mm, J&W Scientific, Folsom, USA). The samples of the raw oils and oily phases remaining after extraction were dissolved in hexane (20 mg of oil to 1 mL) and injected in splitless mode, injection volume being 1 µL. The hydroalcoholic samples were injected directly. 1-Bromdecane was added to the samples as an internal standard for quantification (0.1 µg per 1 µL of the extract). The content of TQ and THQ is presented as internal standardization (IS) value (ratio of peak area to internal standard) with standard deviation. The percentage composition of raw and extracted essential oil were computed from electronic integration of GC peak areas. All compounds for which relative peak areas were recorded as less than 0.1% in all samples were excluded from the analysis. 18 The operating conditions were as follows: injector temperature, 200 °C; carrier gas, He (1 mL min -1 ); oven temperature program, 60 °C (2 min) to 200 °C at a rate of 3 °C min -1 , then to 310 °C at 25 °C min -1 and held isothermal for 10 min. The data processing was performed by Excalibur software (Thermo Fisher Scientific, Waltham, USA). A mass detector was set to the ionization energy, 70 eV; ion source temperature, 200 °C; scan time, 1 s; mass range, 30-600 amu. The identification of the chemical constituents was based on the co-injection of authentic compounds (standards), on the comparison of their Kovats retention indices and retention time, and on the matching of mass spectra against those listed in commercial libraries (National Institute of Standards and Technology Library, ver. 2.0.f).
Results and Discussion
In this study, a fast, inexpensive and ecological liquidliquid separation method for preparing THQ and TQ enriched extract from N. sativa seed oil was developed in several steps, which include extraction of the oil with the solution ethanol-water, determination of the most suitable concentration of ethanol and the best extraction time on quinones recovery as well as chemical analyses of initial materials (crude oils) and extraction products (enriched extracts).
Effect of ethanol concentration and extraction time on quinones recovery
At first, the N. sativa oil (sample A) was extracted with ethanol at concentrations varying from 30 to 90%. Consequently, two separate liquid layers were formed, and the top layer was enriched with TQ and THQ. Figure 1 demonstrates a gradual increase of content of TQ in extract, when the maximum was obtained using 60-80% ethanol. At higher concentration of ethanol (90%), the content of extracted TQ decreased. Despite minimal differences in the contents of TQ varying for 60, 70 and 80% of ethanol from 4.69 ± 0.27 to 5.14 ± 0.35 of IS value, concentration 70% of ethanol has been chosen as the most efficient for its extraction. In case of THQ, the extraction was most efficient using 50 and 60% ethanol with 6.18 ± 0.16 and 6.43 ± 0.49 of IS values, respectively (Figure 1) .
The increase of the content of quinones is due to their different solubility in the solutions of different concentration of ethanol in water. Since the water solubility of p-benzoquinones is generally lower than that of their reduced forms, 19 this feature may explain the difference in optimal solvent concentration for TQ and THQ extraction. The reduction of TQ to THQ during the extraction process can also contribute to the increased amount of THQ in 40-60% ethanol extracts. 20 In contrast, the remaining amount of TQ and THQ in the oil after extraction was about 1-2% confirming its high efficiency. Different ratio ethanol-water was already used for extraction of phenolic compounds from Salvia officinalis, whereas the optimal hydroalcoholic solvent composition was between 55 and 75% (m/m) ethanol. 21 In another study, 22 phenolic compounds were successfully extracted using 60% aqueous mixtures with ethanol, methanol and acetone. According to our best knowledge, this is the first report describing extraction of quinones using ethanol-water mixture.
The extraction time is essential in economizing energy and cost of the extraction process. Therefore, the effect of the extraction time on the efficiency of the process was monitored for both TQ and THQ as a second step of our experiments. Figure 2 shows that the effectiveness of quinones recovery was observed in time-dependent manner.
Almost no quinones passed into the hydroalcoholic layer after two hours of extraction, whereas after 4 h their recovery was maximal. After 6 h, the oil still contained some amount of both compounds, but the effectivity of the extraction process significantly decreased. Finally, the most effective time of extraction of quinones was determined as 4 h. This is in correspondence with previous reports [21] [22] [23] [24] showing that the extraction time between 3-4.5 h is optimal for isolation of phenolic compounds, because after that time the total phenolics recovery stayed constant and longer extraction times increase the possibility of phenolics oxidation.
Influence of extraction matrices on qualitative and quantitative parameters of extracts
With the aim to determine influence of variability of extraction matrices on chemical composition of the extract, three different N. sativa crude oils (A, B and C) were extracted with 70% ethanol for six hours and investigated by GC-MS. The analysis of all three oils performed prior the extraction showed presence of 23 volatile compounds (Table 1) . Octadecadienoic and octadecenoic acids (32.86 and 21.63%), followed by p-cymene (11.55%) and TQ (9.37%) were identified as main components of the crude oil A. The major constituents of the oils B and C were TQ (32.95 and 39.73%) and p-cymene (17.97 and 27.74%). As reported earlier, the differences in the contents of individual components between different types of oil may be caused by different origin of N. sativa seeds. 25, 26 In addition, N. sativa crude oil contains also significant amounts of triacylglycerols, sterols and phospholipids. 27 Since these compounds cannot be detected by GC-MS without previous modification, they can also be present in analyzed oil samples as well in the final extract.
The results of extraction procedure showed the presence of 17 components in the all three extracts obtained from crude oils A, B, and C ( Table 1 ). All these extracts contained mainly TQ (29.83, 47.39 and 50.62%) and THQ (13.65, 10.80 and 13.12%), followed by significantly lower amounts of terpenes such as p-cymene (7.28, 3.50 and 7.59%), trans-4-methoxythujane (6.55, 3.71 and 4.81%), thymol (2.76, 1.59 and 4.82%) and α-thujene (2.78, 1.36 and 1.42%). Although there are significant differences in the contents of fatty acids in the raw oil samples ranging from 0.91 to 32.86%, the variances are minor after extraction (0.26-6.64%). It is therefore evident that most of fatty acids remain in the oil phase. Despite these differences, the described extraction method is effective for all types of tested oils.
Some of the compounds detected in the fraction such as p-cymene, thymol and α-thujene have previously shown various biological activities (e.g. antioxidant and antimicrobial effects). 29 Clinical studies 30 proved the antifungal effect of Trachyspermum ammi essential oils, where thymol, p-cymene and γ-terpinene were found as the most abundant constituents. Assays with animals demonstrated that p-cymene has analgesic and antiinflammatory effects. 31 It is possible that these compounds will contribute to biological effects of the final product. Typical chromatogram of the extract obtained by extraction by 70% ethanol from crude oil of N. sativa seeds is shown in the Figure 3 .
Because of its significant biological effects, TQ has been extracted by different methods from N. sativa seeds. 6 However, the currently used effective extraction methods are expensive or they rely on toxic organic solvents. 16, 17 In contrast, the cheap and simple methods usually provide low yield of TQ in the final product. 13 The advantage of our method is that no thermal degradation of components occurs during extraction as in the case of hydrodistillation and steam distillation, whereas the expensive equipment (e.g. SFE) is not needed. Moreover, the only organic solvent used for extraction of N. sativa crude oil (usually obtained by cold pressing of seeds in yield ranging from 22 to 25%) 32 is the ethanol that is generally accepted for many food and pharmaceutical applications and products as it ensures efficiency and it is greener when compared to conventional ones. 33 Nevertheless, the direct extraction of seeds by ethanol will not provide comparable results since the content of TQ is significantly lower (up to 0.03%), 34 whereas the extract consists mainly of fatty acids accompanied by broth spectrum of various compounds including flavanoids, saponins, and tannins. 35 
Conclusions
In this article, we describe a new, fast, inexpensive and ecological liquid-liquid separation method for preparing quinones enriched extract from N. sativa seed oil. Method of extraction consists of several steps, including preparation of 70% solution ethanol in water, shaking the solution with N. sativa crude oil and separation of two clearly visible layers. As a result of this process, the top layer enriched with TQ and THQ is obtained. This chemically defined extract has a potential for the use in food, pharmaceutical and cosmetic industries, whereas method of its preparation is suitable for laboratory and industrial-scale applications. Fastness, simplicity, extraction efficiency, economic modesty and environmental friendliness are the main advantages of the method.
